The influence of medium composition and cultural conditions on simultaneous yield of mycelia, intracellular polysaccharide, adenosine, and mannitol by Cordyceps militaris HeLa and HepG2 in vitro in a dose-dependent manner in 72 hours. At a concentration of 1000 mg/mL, the inhibition rate of polysaccharides was 92.38% and 98.79%. The IC50 for HeLa and HepG2 were 70.91 mg/mL and 97.63 mg/mL, respectively.
Introduction
Medicinal mushrooms are an abundant source of a wide range of useful natural products with biological activities. Cordyceps militaris, one of the Chinese traditional medicinal mushrooms, is an entomopathogenic fungus belonging to the class Ascomycetes. It has been widely used as folk tonic food and an invigorant for centuries and its various pharmacological activities have attracted much attention [1] . This mushroom produces many kinds of active components such as adenosine, polysaccharides, and mannitol [2e8] . Adenosine has many pharmacological effects; it can be used as a cardioprotective and therapeutic agent for chronic heart failure [9] , and it also could inhibit the release of neurotransmitters in the central nervous system [10] . Polysaccharides are considered to possess antiinflammatory, antioxidant, antitumor, antimetastatic, immunomodulatory, hypoglycemic, steroidogenic, and hypolipidemic effects [11e17] . Mannitol (cordycepic acid) has diuretic, antifree radical, and antitussive activities, etc. [18] . Since solid culture of fungi takes a longer time to yield the fruiting body with slight production of an active substance, submerged cultivation of fungi is considered as a promising alternative for obtaining useful and potent substances for use in the composition of nutraceuticals and functional foods [19] . How to shorten the fermentation time of a fungus and increase the production of fermentation is still a challenge. Mycelium and biological activity metabolites were mainly used as a single response to optimize submerged cultivation [20, 21] ; however, two or multiple responses have already been used in the process optimization [22e24]. There was not, however, a solution to the problem of simultaneously enhancing the production of multiple responses in C. militaris submerged cultivation. Response surface methodology (RSM) is a collection of statistical and mathematical techniques and has been proven to be an effective mean, which includes studying the response of the statistically designed combinations, estimating the coefficients by fitting in a mathematical model which fits best the experimental conditions, predicting the response of the fitted model, and checking the adequacy of the model.
In recent years, studies of antitumor activities of C. militaris have been of particular interest. In a study by Park et al [25] , an aqueous extract of C. militaris could inhibit cell growth of human leukemia U937 cells, by morphological change and apoptotic cell death. In a study by Yoo et al [26] , C. militaris extract could reduce angiogenic related gene expression and inhibit cell growth of B16 melanoma cells. Cordycepin and polysaccharides, as the main constituents of Cordyceps species, are detected to have cytotoxic and antitumor activity [27e30] .
In this study, we investigated the medium composition and cultural conditions for the submerged culture of C. militaris 2909 to obtain optimal production of mycelia, polysaccharides, adenosine, and mannitol, using sequential statistical methods combined with desirability function at the same time. In addition, the growth inhibitory effect of C. militaris polysaccharides on HeLa and HepG2 cells was studied.
2.
Materials and methods
Microorganism and seed culture
The strain of C. militaris (CGMCC 2909) was maintained and cultured on potato-dextrose-agar slants, incubated at 25 C for 7 days, and then used for seed culture inoculation. 
Analytical methods

Determination of mycelia dry weight
Mycelia of C. militaris in the fermentation broth were centrifuged, the supernatant was filtered through a filter paper and washed twice with distilled water, transferred to a lyophilizer in vacuo, dried to a constant weight and recorded as the dry weight, and then homogenized to powders (80 mesh).
Measurements of polysaccharides
Dried mycelia powders were extracted three times with distilled water for 3.5 hours in an 80 C water bath (mycelia/ distilled water ratio, 1:5), and then centrifuged at 7000g for 10 minutes. The amount of polysaccharides was then determined by a phenol-sulfuric acid method.
Measurement of adenosine by high performance liquid chromatography
An amount of 0.1 g dried mycelia powders was extracted with 5 mL distilled water for 3 hours in a 45 C water bath, and then centrifuged at 12,000g for 10 minutes. 
Determination of mannitol
Dried mycelia powders (0.1 g) were extracted with 5 mL distilled water for 3 hours in a 45 C water bath, and then centrifuged at 8000g for 10 minutes. The supernatant was diluted 50 times. The amount of mannitol was then determined by the spectrophotometric method [31] .
Desirability
In the desirability function approach, the multicriteria problem is reduced to a single criterion problem of D optimization. In the present study, the yield of mycelia, polysaccharides, adenosine, and mannitol were considered as four quality variables. The higher yields of the four variables were sought, which include the most desirable (y max ) and the undesirable values (y min ). The measured properties of each predicted response y are transformed to a dimensionless desirability value d. The scale of value d ranges between 0 and 1, and becomes more desirable as the corresponding response value increases. The desirability function contributed by the response is defined as follows:
where d is the desirability. The desirability represents the closeness of a response (y) to its most desirable value (y max ), For the four response system in this study, the overall desirability (D) where each single function could be equally defined is:
where d i represents the desirability function computed for response y i (i ¼ 1,2,3, .), and w i is relative emphasis, which reflects the difference in the importance assigned to different responses. In Eq. (1), w i satisfies 0 < w i < 1 and
In the expression of the function D, w i is a comparative scale for allotting importance to each d i .
Finally, associated D, as the mixture of four responses (yield of mycelia, intracellular polysaccharide, adenosine, and mannitol), is calculated from the above definition, and selected as a criterion for the optimization medium composition and cultural conditions.
2.3.
Experiment designs and statistical analysis
Selection of significant variables by Plackett-Burman design
In this study, for selection of the most significant medium composition affecting the value of desirability (D), a total of 10 variables, including eight nutritional factors (X 1 /peptone, X 2 / yeast extract powder, X 3 /sucrose, X 4 /MgSO 4 $7H 2 O, X 5 /KH 2 PO 4 , X 6 /ZnCl 2 , X 7 /vitamin B 1 , X 8 /(NH 4 ) 2 SO 4 ) and two dummy or unassigned variables (X 9 , X 10 ) were tested and identified by the Plackett-Burman design experiment. The principal effects of each variable on the value of desirability (D) were represented at the high level and the low level. The experimental design with the variables, symbol code, and experimental level of the variables are shown in Tables 2 and 3 . The significance (p value) of the effect of each variable was determined by the Student t test.
RSM, the Box-Behnken design
The Box-Behnken design (BBD) was conducted to find the optimum level of the most significant variables [yeast extract powder (X 2 ), sucrose (X 3 ), KH 2 PO 4 (X 5 )] identified by the Plackett-Burman design and to study their interactions. Each effective variable in the design was studied at three different levels (coded as À1, 0 and þ1), as is shown in Table 4 . A total of 15 experiments were carried out and the whole experimental design with 12 factorial points and three center points is given in Table 6 . The value of desirability (D) was taken as response (Y) and the experimental results were fitted with a multiple regression analysis, which was explained by a quadratic polynomial equation:
where Y is the predicted response, X i and X j are independent variables which influence the response variable Y, b 0 is the offset term, b i is the linear coefficient, b ii is the quadratic coefficient, and b ij is the interaction coefficient.
The fitness of the second-order polynomial model was expressed via the regression coefficient R 2 and the detailed analysis of variance (ANOVA) was conducted in a coded level of variables to determine the effects of individual variables. SAS software (version 8.0 by SAS Institute Inc., Cary, NC, USA) and OriginPro 7.5 software (Origin Lab Corp., Northampton, USA) were used for the regression analysis and graphical analysis of the experimental data.
Cultural conditions
Effect of initial pH on the D value
The investigated initial pH values of fermentation broth included 3, 4, 5, 6, 7, and 8.
Effect of culture time on the D value
The tested culture time was every 24 hours until the 7 th day.
Effect of culture temperature on the D value
The tested culture temperatures included 20 C, 25 C, 30 C, 35 C, and 40 C.
Antitumor activities of polysaccharides in vitro
Extraction of crude water-soluble polysaccharides
The dry mycelia powder (60 meshes) of C. militaris CNCC2909 was recirculated by 95% ethanol overnight, and dried at room temperature. 
The residues were extracted twice with distilled water at a ratio of 1:20 (residue:distilled water) at 85 C in a water bath for 3.5 hours, and then centrifuged at 8000g for 10 minutes. The supernatants, collected and concentrated to 1/4 total volume of supernatants, were frozen for 24 hours, melted slowly at room temperature, and centrifuged at 10,000g to remove the precipitates for several times, until there was no precipitation. The supernatants were extracted by the Sevag method to remove the protein [32] . The solutions were dialyzed against water for 3 days, and concentrated to 1/5 total volume of solution. The crude polysaccharides were obtained by lyophilizing in vacuo; the weight was also estimated.
Cell culture and modified tetrazolium salt (MTT) assay
The human hepatocellular carcinoma HepG2 cells and HeLa cells were cultured on a Dulbecco's modified Eagle's medium (DMEM) medium containing 10% fetal bovine serum, 100 U/mL penicillin, and streptomycin at 37 C in humidified atmosphere with 5% CO 2 . The cells were resuspended in medium of 1 Â 10 5 cells/mL, and were incubated in 96-well plates containing 100 mL culture suspensions. After adherence for 24 hours, the cells of each well were treated with different concentrations of polysaccharides, and control groups were treated with culture medium. After 72 hours, cell viability was tested with the MTT assay [33] .
3.
Results and discussion
Screening of critical variables
A total of eight variables in the value of D were observed in the Plackett-Burman design ( Table 5 . Model terms evidencing values of p > F < 0.05 were considered to play a critical role in enhancing the value of D, and hence were selected for response surface optimization. Yeast extract powder was considered to be the most significant factor on the value of D, with a probability value of 0.017, followed by 
Optimization of screened variables using RSM (BBD)
The BBD was used to optimize the levels of significant variables (yeast extract powder, K 2 HPO 4 , and sucrose) and the effects of their interactions on the value of D. The corresponding results obtained by BBD are presented in Table 6 . The second-order polynomial equation provided a mathematical model, as a function to describe the relation between variables and the response. The regression equation was expressed as:
þ 0:0225X 3 X 5 -0:039583X 2 5 in which Y represents the value of D, and X 2 is yeast extract powder, X 3 is sucrose, and X 5 is KH 2 PO 4 .
The ANOVA analysis of the optimization results indicated the response surface model terms, which are listed in Table 7 . The coefficient of determination (R 2 ) for the model was 0.9772, which could explain the 97.72% variability in the data of the model. The F value of the model was 23.83413 and the p value was 0.001377, which indicated that the experimental data fitted well with the quadratic model. The Student t test and p value were used in the significance of each coefficient from Table 8 . The significant variable in the model was X 5 with a p value of 0.021076 (p < 0.05). X 2 2 , X 2 X 3 , and X 2 3 were determined to have more significant effects than the others, for which the 
p values were 0.008475, 0.008082, and 0.0001 (p < 0.05). These results indicated that interactions between yeast extract powder and sucrose were significant model terms for the value of D. The three-dimensional response surface plots and the corresponding contour plots were used to optimize the levels of all variables for the value of D, which were constructed by plotting the value of D on the Z-axis against any two independent variables and discussing the interaction between them (Figs. 1e3) . From the response surface plots and contour plots, the value of D was found to present a maximum in the tested range. Based on the aforementioned equation and the response surface plots, the optimum levels of three variables were as follows: yeast extract powder was 10. In order to validate the predicted results of the statistical model, experiments of the optimum medium composition were used to perform the highest point of the model and the obtained value of D was 0.73. This showed that the model is valid to simulate and predict the value of D.
3.3.
Optimization of cultural conditions
Effect of initial pH on the D value
The initial pH of the medium usually affects the fungal cell shape, structure, cell membrane function, mycelium growth, and the metabolite biosynthesis. The effects of initial pH on the maximal D value are shown in Fig. 2A . When the initial pH increased from 3 to 5, mycelia yields, intracellular polysaccharide, and mannitol production increased rapidly, and when the initial pH increased from 5 to 8, the yields decreased gradually. Adenosine production increased until the initial pH was 6, and then decreased. The highest productions of mycelia, polysaccharide, mannitol, and adenosine were 13.28 g/L, 0.84 g/L, 1.59 g/L, and 63.16 mg/L. The highest value of D was 0.74 when the initial pH was 6.
Effect of culture time on the D value
The harvest time affects the production capacity. As shown in Fig. 2B , the yield of the mycelia, mannitol, and adenosine increased significantly until the 6 th day with maximal values of 15.75 g/L, 1.66 g/L, and 64.51 mg/L, and then decreased 
slightly, which might be due to the mycelia autolysis and metabolite decomposition. Polysaccharide production reached the highest value of 0.80 g/L on Day 5. The maximal associated D value reached 0.74 on Days 5 and 6 of fermentation in flask culture.
Effect of culture temperature on the D value
The culture temperature is one of the most important factors for the fungus growth, and influences fungus growth rate and the metabolic process. C. militaris was incubated in optimum medium at various temperatures from 20 C to 40 C in Fig. 2C .
The highest mycelia, polysaccharide, mannitol, and adenosine production were 13.01 g/L, 0.80 g/L, 1.58 g/L, and 63.15 mg/ L at 25 C, respectively, and the maximal associated D value was 0.74 at 25 C. This result indicated that the low or high temperatures were not suitable for the mycelia growth and metabolite biosynthesis.
Effect of rotate speed on the D value
To investigate the effects of the rotate speed on the flask culture, C. militaris was cultivated in optimum medium at 60e210 r/minute. Maximal polysaccharide and mannitol production of 0.80 g/L and 1.58 g/L, respectively, were obtained at the rotate speed of 150 r/minute. Maximum mycelia (13.71 g/L) and adenosine (69.03 mg/L) production were obtained at 180 r/ minute. The optimal associated D value was 0.74 when the rotate speed was 150 r/minute in the shake-flask.
Effect of inoculum size on the D value
Inoculum size was significant for fungi fermentation processes. Therefore, different inoculum sizes ranging from 2% to 10% (v/v) were investigated to ensure the fermentation processes. As shown in Fig. 2E , the maximal values of mannitol and adenosine production were 1.58 g/L and 63.16 mg/L at an inoculum size of 2% and declined immediately. Mycelia and polysaccharide production were both near optimal values at inoculum sizes of 2w6%, and decreased remarkably outside this range. The highest D value reached 0.75 when the inoculum size was 4%.
Effect of medium capacity on the D value
Medium capacity is a significant factor in the fermentation process, which is related to oxygen supply in flasks. It may influence mycelia growth and bioactive metabolites biosynthesis. Fig. 2F showed the effects of different medium capacities ranging from 20w140 mL in a 250 mL shake-flask on the D value. The highest mycelia and adenosine productions were 15.53 g/L and 92.57 mg/L, respectively, when the medium capacity was 20 mL. Mycelia production declined rapidly following the increase of medium capacity, but there was no remarkable difference in the medium capacity ranging from 60e160 mL for adenosine production.
The maximal mannitol and polysaccharide productions were 1.46 g/L and 0.90 g/L, respectively, in the medium capacity of 80 mL and 120 mL. Although there were various different effects on mycelia and various metabolites production, the associated D value ranged from 0.68 to 0.77 and the highest D value was 0.77, when the medium capacity was 40 mL. From the above results, the optimal culture conditions for associate D value were set as follows: the initial pH 6, 25 C, 150 r/minute, inoculum size 4% (v/v), medium capacity 40 mL/ 250 mL. Under these conditions, the obtained value of D in the best medium was 0.77: mycelia, polysaccharide, adenosine, and mannitol production were 15.20 g/L, 0.60 g/L, 83.93 g/L, and 0.92 g/L, respectively.
Growth inhibition of C. militaris polysaccharides on HeLa and HepG2
As shown in Fig. 3 , C. militaris polysaccharides showed significantly higher inhibition effect against HeLa and HepG2 in vitro, while the inhibition ability was dose-dependent. The maximal inhibition rate of polysaccharides against HeLa and HepG2 were 92.38% and 98.79%, respectively, when the concentration was 1000 mg/mL in 72 hours. The IC 50 for HeLa was 70.91 mg/mL (Table 9) , much lower than HepG2 (97.63 mg/mL), when the HeLa was incubated for 72 hours, and this result showed that the inhibition ability against HeLa was much better than against HepG2.
Conclusion
In this study, we used desirability functions to optimize multiobjective products, including mycelia, polysaccharide, adenosine, and mannitol of C. militaris, which could be a potential means to optimize the fermentation of other microorganisms. The mycelia, polysaccharide, adenosine, and mannitol production were 15.20 g/L, 0.60 g/L, 83.93 mg/L, and 0.92 g/L, respectively, at the culture conditions: medium capacity 100 mL/250 mL, inoculation size 4% (v/v) of the seed culture, 25 C on a rotary shaker incubator at 150 rpm for 5 days. After a series of optimization processes, compared with the basal conditions, the productions of mycelia 13.52 g/L, polysaccharide 0.493 g/L, adenosine 75.54 mg/L, and mannitol 0.826 g/L were enhanced by 12.42%, 21.70%, 11.11%, and 11.38%, respectively. These results clearly confirmed that desirability functions and RSM are effective tools for mathematical modeling and factor analysis of the optimization process. The yield of C. militaris CGMCC 2909 fermentation improved compared with existing publications, which is significant for mass fermentation of C. militaris. There is great potential for the work of C. militaris, which could save materials, energy, reduce the cost, and so on. In addition, the inhibitory effect of polysaccharide in C. militaris against HeLa and HepG2 was detected by MTT. The inhibition against HeLa was much better than that against HepG2. When cells were incubated with polysaccharides of 1000 mg/mL for 72 hours, complete inhibition against HeLa and HepG2 could be reached. Therefore, intracellular polysaccharides may be used as potential medication in cancer treatment. 
